During translation elongation, decoding is based on the recognition of codons by corresponding tRNA anticodon triplets. Molecular mechanisms that regulate global protein synthesis via specific base modifications in tRNA anticodons are receiving increasing attention. The conserved eukaryotic Elongator complex specifically modifies uridines located in the wobble base position of tRNAs. Mutations in Elongator subunits are associated with certain neurodegenerative diseases and cancer. Here we present the crystal structure of D. mccartyi Elp3 (DmcElp3) at 2.15-Å resolution. Our results reveal an unexpected arrangement of Elp3 lysine acetyltransferase (KAT) and radical S-adenosyl methionine (SAM) domains, which share a large interface and form a composite active site and tRNA-binding pocket, with an iron-sulfur cluster located in the dimerization interface of two DmcElp3 molecules. Structure-guided mutagenesis studies of yeast Elp3 confirmed the relevance of our findings for eukaryotic Elp3s and should aid in understanding the cellular functions and pathophysiological roles of Elongator.
a r t i c l e s The speed of ribosomes during the elongation phase of translation is not uniform along mRNAs 1 . In particular, transient pausing events support domain folding as proteins begin to attain their threedimensional structure in concert with their synthesis 2 . Because tRNA selection in the aminoacyl site of ribosomes is a rate-limiting step during the elongation phase, the use of synonymous codons influences local elongation speed and aids in cotranslational protein folding 3, 4 . Notably, specific base modifications in the wobble base position of tRNAs enhance binding to the aminoacyl site of the ribosome 5, 6 , and the speed of translating ribosomes decreases on certain codons because of a lack of wobble base modifications. Furthermore, these synthesis-rate variations lead to altered folding dynamics of nascent polypeptide chains and ultimately result in large amounts of misfolded and aggregated proteins. Therefore, these modifications act as gatekeepers that maintain the homeostasis of whole cellular proteomes 7 .
Two copies of each of the six highly conserved subunits of the eukaryotic Elongator complex (Elongator protein (Elp)1-6) constitute a large macromolecular complex, which in combination with additional modification pathways promotes the formation of 5-methoxycarbonylmethyl-uridine (mcm 5 U), 5-methoxycarbonylmethyl-2-thiouridine (mcm5s 2 U) and 5-carbamoylmethyluridine (ncm 5 U) on uridines in the wobble base position of tRNAs [8] [9] [10] [11] . All six subunits are equally important for Elongator's modification activity 12 , are required for Elongator-complex integrity (except Elp2) and mainly localize to the cytoplasm 13 . Homologs of the six Elongator subunits have been identified in eukaryotes including yeast and humans, and the tRNA modification activity of Elongator has been shown to be important for multiple cellular activities in yeast 9 , flies 14 , worms 15 , fish 16 , plants 17 , mice 18 and humans 19 . The Elp3 subunit is suspected to contain the active site of the complex because it has been predicted to contain a KAT 20 and a radical SAM binding domain 21 , which together carry out initial cm 5 U formation 10 . Almost all archaea, a small number of bacteria and two viruses also possess Elp3 homologs but lack genes encoding the other five Elongator subunits, thus suggesting the ancient nature and conserved function of the enzymatic core subunit of the complex. In humans, specific mutations in Elongator subunits are correlated with the development of certain neurodegenerative diseases 16, 22 and cancer 23 , thereby highlighting the clinical importance of understanding the underlying molecular mechanisms.
High-resolution structural information has recently become available for the homodimer of the Elp1 C terminus 23 , Elp2 (ref. 24 ), the Elp4-5-6 heterohexamer 25, 26 and the accessory factors Killer toxin insensitive (Kti) 11 and Kti13 (refs. 27, 28) . Here, we set out to obtain structural and functional insights into the enzymatic core subunit Elp3 of the Elongator complex, which carries out the proposed tRNA modification reaction. The detailed mechanism of this reaction has remained unclear 11 because of the lack of structural information on Elp3. We determined the crystal structure of full-length Elp3 from D. mccartyi, which reveals the molecular details of the individual
Characterization of the iron-sulfur cluster in DmcElp3
Size-exclusion chromatography indicated two discrete oligomeric states of DmcElp3 purified under aerobic and anaerobic conditions. The dimeric peak showed a strong reddish color, whereas the monomeric fractions were colorless ( Fig. 2a) . UV absorbance spectroscopy, which revealed a broad signal in the 400-to 600-nm region, and EPR measurements suggested the presence of an [FeS] cluster in the dimer ( Supplementary Fig. 2a,b) , whereas we detected no EPR-active species in the aerobically purified monomer. The optical spectrum exhibited a peak at 410 nm, which is characteristic of [4Fe-4S] clusters, and gentle shoulders at 440 and 510 nm, which suggested the presence of additional [2Fe-2S] cluster-containing protein in the sample. The amplitude of the signal at 410 nm (ε 410 = 16 mM −1 cm −1 ) 42 suggested that almost the entire complement of protein contained [Fe-S] clusters, mainly in the [4Fe-4S] form. EPR analyses of the anaerobic and aerobic purified enzymes revealed two distinct classes of signals ( Supplementary Fig. 2b) . A broad and fast-relaxing EPR signal was consistent with a [4Fe-4S] cluster in a 3/2 spin state 43, 44 . Quantification of this signal indicated that the corresponding cluster was present in only a minor fraction of the protein. Further signals around the proportionality factor g = 2, observed at 15 K and 50 K, reflected the presence of a heterogeneous population of [Fe-S] clusters in a 1/2 spin state in approximately 1-10% of the sample. EPR did not allow for a clear-cut attribution of these signals to [2Fe-2S] or [4Fe-4S] clusters.
In the crystals, which we obtained only for the dimer, we observed a [2Fe-2S] cluster located at the interface of two DmcElp3 molecules related by a crystallographic dyad (Fig. 2b) . In particular, residues Cys27 and Cys30 from two neighboring DmcElp3s are involved in the coordination of one [2Fe-2S] cluster. We confirmed the cluster species in our structure by using a full data set collected close to the absorption edge of iron (λ = 1.7377 Å) to calculate anomalous difference Fourier maps that clearly identified peaks for only two coordinated iron ions ( Fig. 2c) . In addition, we also used anomalous difference Fourier maps (λ = 1.28238 Å) to confirm that residues Cys310, Cys312 and Cys315, which are conserved in archaeal Elp3s but not in eukaryotic Elp3s, specifically coordinate a zinc ion ( Fig. 2c) .
We assumed that the discrepancy between the prevalence of the [4Fe-4S] cluster in solution and the [2Fe-2S] cluster in the crystal structure resulted from disintegration of the [4Fe-4S] cluster during purification and crystallization under aerobic conditions or 
Dimerization of DmcElp3
Because of its involvement in dimerization, the conformation and localization of the iron-sulfur cluster and its coordination loop are different from those of any known radical SAM domain. The dimerization interface is additionally stabilized by strong hydrogen networks ( Fig. 2b) and also involves conserved residues that do not directly participate in [2Fe-2S] coordination. Mutational analyses showed that the mutations I28A Y29A, R136A and R173A strongly decreased dimer formation ( Supplementary Fig. 2c ). Interestingly, the mutation of residues Cys27 and Cys30, both of which are crucial for coordination of iron-sulfur clusters, to serine (C27S and C30S) still allowed dimer formation, although to a lesser extent. Dimerization clearly increased the thermostability of wild-type (WT) and mutated DmcElp3, and none of the generated single point mutations in this study led to misfolded protein ( Supplementary Fig. 2d ).
Because of the high sequence conservation, we were able to test the roles of equivalent residues in ScElp3 on the tRNA modification activity in vivo by using several previously established yeast assays 27 . In detail, the γ-toxin assay relies on galactose-inducible expression of a tRNA anticodon nuclease that cleaves mcm5s 2 -modified tRNAs and results in growth inhibition. Growth on galactose medium reports on the absence of this modification, owing to Elongator deficiency. The SUP4 assay uses strains carrying the SUP4 nonsense suppressor tRNA gene. Suppression of ochre stop codons by SUP4 tRNA is also caused by Elongator-dependent modification of U34 in the anticodon. Elongator deficiency resulted in lack of growth on medium lacking adenine (Ade − ) and in growth on medium containing the toxic arginine analog canavanine, because of inefficient suppression of ochre stop codons in either the ade2-1 or the can1-100 allele. Hence, growth phenotypes on Ade − and canavanine-containing medium were complementary. Almost all mutants showed decreased tRNA modification activity, and we therefore concluded that both dimerization and coordination of iron-sulfur clusters are essential for the catalytic activity of Elongator in vivo (Fig. 2d) .
If DmcElp3 bound SAM similarly to other known SAM domains, the iron-cluster coordination loop would have to undergo a structural rearrangement ( Fig. 1b) . For this reason, it remains to be shown exactly where SAM binds, whether it involves the third highly conserved cysteine residue (Cys23) and by which mechanism the 5′-deoxyadenosyl radical (5′-dA • ) is generated and inertly transferred to the spatially distinct acetyl-CoA-binding site, thus creating an acetyl radical 10 .
We used small-angle X-ray scattering (SAXS) to analyze whether the SAM and KAT domains of DmcElp3 are in a similar compact conformation in solution and whether acetyl-CoA or SAM has any influence on their arrangement. Because the theoretical scattering curves (based on the crystal structure) matched the experimentally determined curves very well, and the radii of gyration almost perfectly matched the estimated values for the DmcElp3 monomers and dimers, we believe that the almost identical spatial arrangement of DmcElp3 can also be found in solution (Supplementary Fig. 2e ). Because we did 53 , 1QSN (H3) 54 , 1PUA (pH3) 53 and 1Q2D (p53) 55 ). Bound acetyl-CoA, substrate peptides and α1 and α2 helices are indicated. npg a r t i c l e s not observe any changes in the scattering profiles of the dimer and monomer after the addition of acetyl-CoA or SAM, we concluded that these ligands do not induce any major rearrangements of the domains (Supplementary Fig. 2f ).
In our hands, the incubation of anaerobically purified DmcElp3 with acetyl-CoA in the presence of Na 2 S 2 O 4 led to robust unspecific acetylation of several surfaceexposed lysine residues (for example, Lys2, Lys266, Lys276 and Lys380). We also observed nonspecific acetylation of DmcElp3 mutants (for example, Y441A, which we expected to be catalytically inactive), both in their dimeric and monomeric forms, of Methanocaldococcus infernus Elp3 (MinElp3) and even of other unrelated proteins lacking HAT-like active sites or proven KAT activity (for example, BTG12 and Kti13) after incubation with acetyl-CoA in the presence of Na 2 S 2 O 4 (Supplementary Fig. 3a ). This chemical side reaction prevented us from reliably testing the activity of DmcElp3 in a recently established in vitro tRNA modification assay 10 (Supplementary Note 2) . We therefore focused on characterizing the initial steps of the proposed modification reaction cycle that precede the proposed radical mechanism.
tRNA binds to the interface of the KAT and SAM domain
We first tested DmcElp3 for tRNA binding by using radioactive electrophoretic mobility shift assays (EMSAs). In vitro-transcribed tRNA Glu(UUC) from D. mccartyi and S. cerevisiae bound directly to monomeric and dimeric DmcElp3 with comparable affinities (K d of ~4 µM; Supplementary Fig. 3b ). In analysis of the conservation and surface charge of DmcElp3, a highly conserved basic cavity located between the SAM and KAT domains immediately caught our attention ( Supplementary Fig. 3c) . We subsequently mutated all conserved basic residues near this region to map the tRNA-binding region at the single-residue level. Mutating residues in the center of the patch (K229A, R274A, R277A, R280A and R314A) clearly reduced tRNA binding ( Fig. 3a,b ). Other residues that were in proximity affected tRNA binding to a lesser extent (Lys77, His73, Arg155 and Lys193; Fig. 3b and Supplementary Fig. 4a ). However, the double mutants R49A R64A, R155A K193A, K229A R277A and R274A R314A enhanced the effects of the corresponding individual mutations (Fig. 3c) .
In addition, we analyzed a region of three highly conserved basic residues in the N terminus, which is located very close to the mapped tRNA-binding site. After deletion of this stretch (DmcElp3 9-459 ) or introduction of substitutions (K2A K3A or R6A), the tRNA binding to DmcElp3 was fully abolished (Fig. 3c) . This extended region, which contains additional stretches of basic residues in archaea and eukaryotes ( Fig. 1d) , is disordered in our crystal structure and may undergo structural rearrangements after tRNA recruitment. Mutations of conserved residues far from the mapped tRNA-binding site, such as in the dimerization interface (K26A, C27S C30S, Y40A, H73A, R136A, R173A and Y231A) or the acetyl-CoA-binding pocket (E386A, E386A H388A and Y441A), did not decrease tRNA affinity (Supplementary Fig. 4a,b) .
We introduced mutations affecting tRNA binding in vitro into ScElp3 and tested for tRNA modification activity in vivo. The phenotypes were comparable to that of the elp3-deletion strain (Fig. 3d,e and Supplementary Fig. 4c ). Therefore, tRNA recruitment is essential for proper tRNA modification but is independent from coordination of iron-sulfur clusters and binding of SAM or a r t i c l e s
Regulation of acetyl-CoA binding to DmcElp3
During the structural comparison with different HAT domains, we observed that a loop region in DmcElp3 (residues 390-407) occupied the canonical acetyl-CoA-binding site (Fig. 1a) . Replacing the loop with a short linker led to a four-fold increase in affinity for tRNA (K d of ~1 µM; Supplementary Fig. 5a ). We therefore concluded that incipient tRNA binding leads to the displacement of the loop region and initiates productive acetyl-CoA binding, thereby explaining why the acetyl-CoA turnover is strongly stimulated in the presence of tRNAs 10 .
We determined the crystal structure of the DmcElp3 390-407(GSGSG) in the presence of acetyl-CoA at 2.6-Å resolution ( Table 1 and Supplementary Fig. 5b) . We found only weak electron density for CoA in our crystal structure, presumably because the ligand, in the absence of tRNA, was too flexible to allow reliable assessment of its detailed binding mode. Nevertheless, we were able to show that the opening of this cleft did not lead to overall rearrangements in DmcElp3 (Supplementary Fig. 5c ) and that the wobble base position of the docked tRNA would perfectly align with the bound position of the acetyl group in acetyl-CoA (Fig. 4d) .
acetyl-CoA. The different effects of the N-terminal mutations (K86A K88A and R91A) on the toxin and individual tRNA suppression assays may indicate the specific importance of these residues for different tRNA species (Fig. 3d,e) .
Other eukaryotic and archaeal Elp3s possess additional nonconserved basic residues in their extended N termini (Fig. 1d) . We mutated all lysine residues in the N terminus of ScElp3 (K53A, K56A, K57A, K59A, K61A, K65A, K78A and K79A) to investigate their functional role in Elongator activity (Supplementary Fig. 4d ). Consistently with their weak evolutionary conservation, the respective mutants fully conferred tRNA modification activity in vivo. Therefore, most basic residues in the extended N terminus of ScElp3 appear to be dispensable for Elongator's activity in yeast, whereas the three conserved basic residues Lys2, Lys3 and Arg6 involved in tRNA binding in DmcElp3 are also important for tRNA modification in yeast.
Model of the DmcElp3-tRNA complex
We next characterized the interaction of DmcElp3 with tRNA Glu by using single-strand-specific RNase footprinting analyses. The binding of DmcElp3 primarily protected two regions of the tRNA: the anticodon loop and the D loop (Fig. 4a,b) . The unexpected protection of the D loop explains why the anticodon loop, which carries the modifiable uridine base, by itself is not sufficient for binding to DmcElp3 (data not shown). Strong band intensities were also visible in the variable loop after DmcElp3 binding. However, these bands were also present in the control lane and most probably resulted from a rearrangement of this region after DmcElp3 binding.
By using our biochemical restraints, we were able to specifically place a tRNA molecule into the composite active site formed by the SAM and KAT domains, thereby providing a model of the initial tRNA recruitment step. This approach positioned the modifiable wobble base in proximity to the active center of the KAT domain and positioned the D loop in proximity to the flexible N-terminal stretch, which is important for tRNA binding and probably facilitates the binding of only properly folded tRNAs ( Figs. 3c and 4b,c) . ScElp3  K86  K88  R91  R145  R160  K173  R251  K289  K325  R370  R373  R376  R411   DmcElp3  K2  K3  R6  R49  R64  K77  R155  K193  K229  R274  R277  R280 Figure 3 DmcElp3 tRNA interaction. (a) Structure of DmcElp3 in cartoon representation, showing the localization of the tested mutants. Individual residues are shown in ball-and-stick representation. Mutated residues with no decrease in tRNA binding (green) or a slight decrease (orange) that is further enhanced in double mutants (red) are highlighted. (b,c) EMSA analyses of the indicated point mutations, using radioactively labeled tRNA and increasing amounts of protein (1.6, 7.5 and 15 µM) on a 6% native PAGE gel. Samples were also analyzed with denaturing SDS-PAGE as a loading control. (d,e) Phenotypes of yeast strains carrying the indicated Scelp3 mutant alleles, determined through γ-toxin (γ-tox) and SUP4 suppression assays. npg a r t i c l e s On the basis of our results, we propose that recruitment of tRNA by DmcElp3 ensures productive binding of acetyl-CoA in the otherwise blocked canonical binding site, thus leading to the activation and addition of acetyl-CoA to wobble-base uridines before acetyl-CoA hydrolysis. In addition, our results demonstrated that the Elp3 domain architecture is essential for specifically recognizing tRNAs and simultaneously blocks the binding of nonspecific substrates (for example, peptides), thereby avoiding undesirable or off-target acetylation by the generated acetyl radical intermediate.
Model of the Elp3-mediated cm 5 -modification reaction
We demonstrated that specific regions in the SAM and KAT domains contribute to Elp3 activity and elucidated how Elp3 recognizes tRNAs. Further, in an attempt to explain the necessary steps of the modification reaction in the context of our structural data and the reaction cycle proposed by Huang and colleagues 10 , we investigated necessary movements of specific small loop regions in homology to the structure of ironsulfur cluster-containing SAM domain of RlmN bound to SAM.
First, we realized that primarily two regions (amino acids 19-55 and 161-176) would have to undergo structural rearrangements to bring the iron-sulfur cluster closer to the tRNA and acetyl-CoA-binding site. After this movement, it is likely that the third conserved cysteine residue would be involved in cluster coordination, that SAM could be recruited to produce the necessary 5′-dA • (Fig. 5a) and that the dimer would be maintained by residues not directly involved in cluster coordination (for example, Arg136 and Arg173). Because the dimer bound tRNA with the same affinity as the monomer, we believe that this process is independent of tRNA binding, which involves highly conserved basic residues in the central cavity between SAM and KAT domains. However, tRNA binding facilitated the displacement of the acetyl-CoA-blocking loop and the binding and hydrolysis of acetyl-CoA (Fig. 5b) . From our structure, we deduce that only relatively small movements in Elp3 would bring the necessary components, namely 5′-dA • , acetyl-CoA and U34, close to one another (Fig. 5c) . Although our results provide what are, to our knowledge, the first structural insights into this complicated modification, additional structural and biochemical analyses will be necessary to understand the individual reaction steps in greater detail.
Mapping disease-related mutations in Elp3
Finally, our structural results also allowed us to precisely locate mutations that have previously been identified by different groups [9] [10] [11] 20, 21, [47] [48] [49] [50] [51] and in cancer sequencing projects ( Supplementary Fig. 6a,b) . Interestingly, two Elp3 mutations (R456K and R475K), identified by a mutagenesis screen for synaptic transmission and neuronal survival in flies 16 , are located at the interface of the KAT and SAM domains and probably promote neurodegenerative phenotypes by causing destabilization and malfunction of Elp3.
We analyzed several mutations related to neurodegenerative diseases (D322N, R463K and R484K) or cancer (R413T, D454N and R433K) by mutating the equivalent residues in S. cerevisiae ELP3 and testing for functionality. Interestingly, five of the six mutations (D322N, R463K, R484K, R413T and R433K) fully or partially recapitulated the phenotype of an elp3-deletion strain ( Supplementary  Fig. 6c) , thus suggesting that people with these mutations have a dysfunctional Elongator complex. Our work therefore provides a framework for further functional studies to clarify the contributions of mutations in Elp3 to neurodegenerative diseases and cancer.
DISCUSSION
In this study, we provide molecular and functional insights into the poorly characterized Elp3 subunit, which contains the catalytic center for the tRNA modification reaction. The relative arrangement of the two domains in Elp3 spatially restricts the binding of peptides to the acetyl-transfer region in the KAT domain while allowing the wobble base of a bound tRNA to specifically access this active site. In addition, we observed an [Fe-S] cluster located at the interface of two DmcElp3 molecules, which formed dimers in solution and in our crystals. In eukaryotes, Elongator forms a multisubunit complex, npg a r t i c l e s and we have previously shown that the fully assembled endogenous Elongator complex of S. cerevisiae contains two copies of each its subunits 25 , including two Elp3 molecules. Therefore, the five other Elongator subunits (Elp1, Elp2, Elp4, Elp5 and Elp6) may provide a suitable scaffold to stabilize the interaction of two Elp3 molecules in eukaryotes. The presence of these other subunits might have led to decreased selective evolutionary pressure in eukaryotes to conserve a stable Elp3 dimer interface. We appreciate that the location and coordination of the [Fe-S] cluster in DmcElp3 is unexpected and different from those of other known radical SAM enzymes 52 . Therefore, our structural snapshot cannot fully explain the suggested SAM-mediated radical-based modification mechanism 10 . Although DmcElp3 is annotated as a SAM radical enzyme, it is clear from our analysis that it is not a classical member of this family. Our results show that DmcElp3 can form dimers and monomers, and the latter are colorless and do not yield EPR signals. At present, we cannot fully exclude that DmcElp3 monomers coordinate with a highly sensitive [Fe-S] cluster, presumably through the conserved residue Cys23, which in our structure is not involved in [Fe-S] coordination. Nevertheless, in our analyses under aerobic and anaerobic conditions [Fe-S] coordination was strongly stabilized by DmcElp3 dimerization. Despite intense efforts, we were unable to obtain crystals during cocrystallization attempts of anaerobically and aerobically purified DmcElp3 (monomer and dimer) in the presence of acetyl-CoA, CoA, SAM, different in vitro-transcribed full-length tRNAs from D. mccartyi and combinations thereof.
We determined the crystal structure of a deletion construct lacking a previously uncharacterized loop region that specifically blocks the predicted acetyl-CoA-binding site in the KAT domain in the presence of acetyl-CoA. Interestingly, the deletion of this loop resulted in an increased affinity for tRNA, thus suggesting a direct mechanistic connection between tRNA binding and acetyl-CoA recruitment. tRNA binding appears to precede acetyl-CoA binding, hence providing a possible explanation for the partial flexibility of acetyl-CoA in the absence of substrate tRNA. In addition, we were able to map the tRNA-binding site through structure-guided mutational approaches and RNase protection assays. Strikingly, our resulting model of tRNA-bound Elp3 placed the wobble base position in proximity to the active site of the KAT domain. Therefore, we conclude that the domain architecture of Elp3 allows specific recognition of tRNAs by the SAM domain and subsequent transfer of an activated acetyl group from acetyl-CoA bound in the KAT domain.
Because DmcElp3 shows very high sequence similarity to Elp3 from different organisms, we were also able to locate most of the previously published mutations in our structure and provide a structural framework for their dysfunction. In addition, we tested several disease-and cancer-related mutations in yeast and showed that they affect the tRNA modification activity of Elongator, thus suggesting a direct correlation between Elp3 dysfunction and disease progression.
METHODS
Methods and any associated references are available in the online version of the paper. npg Spectroscopic analyses of DmcElp3. The UV-vis spectroscopic analysis of anaerobically purified DmcElp3 was performed at room temperature in quartz cuvettes in a total volume of 0.5 ml with a Carry 50 Bio UV-visible spectrophotometer (Varian). The 8 µM DmcElp3 was analyzed in buffer containing 100 mM Tris-HCl, pH 7.5, 100 mM NaCl and 1 mM DTT. The reduction was performed by addition of sodium dithionite to a final concentration of 1 mM. All the components were assembled anaerobically under argon in a cuvette that was subsequently sealed carefully with plastic wrap before being transferred to the spectrophotometer.
EPR spectra were recorded on a Bruker ElexSys X-band spectrometer ∂´tted with an Oxford Instrument He-cryostat and temperature-control system. The aerobically or anaerobically purified DmcElp3 at ~100 µM was analyzed in buffer containing 20 mM HEPES, pH 7.5, 150 mM NaCl and 5 mM DTT in an oxidized or reduced state. Samples were reduced by addition of 5 mM dithionite (from a stock solution of 1 M CAPS, pH 10 buffer). Additions of the reducing agent was performed under argon at room temperature and were followed by vortexing and freezing of the sample in liquid nitrogen within 5 min after addition.
Thermofluor analyses of DmcElp3 mutants. The thermostability of purified DmcElp3 proteins was analyzed with thermofluor technology 70 . In detail, 20-50 µM of purified protein was incubated with SYPRO orange in 20 mM HEPES, pH 7.5, 150 mM NaCl and 5 mM DTT. With a StepOne Plus Real-Time PCR system (Applied Biosystems), the samples were subjected to a temperature gradient from 20 °C to 95 °C (over a period of 2 h) while the emitted fluorescence signal (λ = 590 nm) was simultaneously measured.
SAXS. SAXS data for DmcElp3 were acquired at beamline BM29 at ESRF, Grenoble. DmcElp3 monomer and dimer species were separated by gel filtration and were subsequently concentrated. Serial dilutions were measured at 20 °C in buffer containing 20 mM HEPES, pH 7.5, 150 mM NaCl and 5 mM DTT. DmcElp3 dimer was measured at 4.34, 2.17, 1.08 and 0.54 mg/ml, whereas Elp3 monomer was measured at 2.34, 1.16, 0.58 and 0.29 mg/ml. For binding with acetyl-CoA and SAM, a large excess (10-80× molar equivalents across the concentration range) was added to the samples and buffers to obtain an accurate buffer subtraction. Each data set was acquired with ten frames and 100% transmission with a 3-s exposure per frame. Frames were then compared for radiation damage with CORMAP 71 , averaged accordingly and buffer-subtracted. To minimize the interparticle effects, the ATSAS package PRIMUS 72 was used to extrapolate the concentration series to infinite dilution, thus yielding data in agreement with monodisperse monomer and dimer populations for each concentration series. The comparison of experimental data to theoretical scattering curves was performed with CRYSOL 72 .
EMSA. Nucleic acids were 5′-labeled ( 32 P and T4 PNK) or 3′-labeled (32pCp and T4 RNA ligase) and gel-purified on denaturing 15% urea-PAGE. Radioactively labeled tRNA was first renatured by heating in annealing buffer (20 mM HEPES, pH 7.5, 50 mM NaCl and 50 mM KCl) at 80 °C for 5 min, slowly cooled to 25 °C and diluted with 20 mM HEPES, pH 7.5, 150 mM NaCl, 5 mM DTT and 1 mM MgCl 2 . To quantify binding of DmcElp3 to D. mccartyi tRNA Glu-1 (5′-GCCCC CATCGTCTAGAGGCccAGGACAGCGGCCTTTCACGCCGTCAACAGGG GTTCGAATCCCCTTGGGGGTACCA-3′), proteins were serially diluted, and renatured 32 P-labeled RNA (~5,000 c.p.m.) was then added. After incubation at 25 °C for 15 min, the reactions were loaded on a 6% native gel. The gels were dried and subsequently analyzed by detection on film.
RNase protection assays. Enzymatic digestions were performed on 3′-or 5′-endlabeled tRNA (~50,000 c.p.m.). Before modification, the tRNA was denatured in double-distilled water for 2 min at 60 °C, quickly cooled on ice (2 min), and slowly brought back to RT (20 min) in 50 mM sodium cacodylate buffer, pH 7.5, 5 mM MgCl 2 , 0.1 M KCl and 5 mM DTT. If the tRNA was probed with protein, 20 µM DmcElp3 was added to the refolded tRNA in the same buffer, and the complex was formed for 15 min at RT. Enzymatic probing was carried out with S1 nuclease (32 kDa), which is specific for single-stranded structures but does not exhibit base specificity; RNase T1 (11 kDa), which is specific for G in singlestranded RNA; and RNase T2 (36 kDa), which is specific for single-stranded nucleotides and has a preference for A nucleotides. Digestion with RNase T1 (0.5 or 1 U), RNase T2 (1 or 2 U) or S1 nuclease (3 or 6 U) was performed by incubation for 10 min at RT. For S1 nuclease, the reaction was supplemented with 0.2 mM ZnCl 2 . For each reaction, a control (C) without RNase was performed in parallel. After phenol extraction and ethanol precipitation, the samples were analyzed on denaturing 12% PAGE.
